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INTRODUCTION 

With  supplies  of  oil  and  natural  qas  dwindling, 
solar  enerqy  must  seriously  be  considered  one  of  the 
future's  major  sources  of  thermal  and  electrical  enerqy. 
The  direct  conversion  of  sunliqht  into  electrical  energy 
is  known  as  photovoltaics.  It  is  in  this  area  of 
solar  energy  conversion  that  this  report  will  con¬ 
centrate. 

Photovoltaic  Technology 

Solar  cells  are  semiconductor  photodiodes  which 
have  been  optimized  to  efficiently  convert  sunlight 
into  electrical  power. ^  They  consist  primarily  of  a 


base  material  and  a  deposited  reqion.  The  more 
popular  base  materials  include  silicon,  cadmium  sul¬ 
fide,  qallium  arsenide,  indium  phosphide,  amorphous 
silicon,  and  cadmium  telluride.  Silicon  base 
structures  are  the  most  popular  and  consist  of  four 
different  types.  A  conventional  12%  efficient 
silicon  type  is  the  most  popular.  A  silicon  nonre¬ 
flecting  structure  is  the  most  efficient  with  a  yield 
|  of  18%,  but  a  low  output  voltage  and  poor  response  to 

'  short  wavelengths  limit  its  applications.  The  third 

type  is  a  hetero junction  structure  which  consists  of 


a  silicon  base  and  a  thin  nonsilicon  layer  of  semi¬ 
conductor  material.  It  offers  efficiencies  between 


6%  and  12%.  The  fourth  type  of  silicon  structure 
is  the  Schottky-barrier  cell.  It  consists  of  a  sili¬ 
con  base  and  a  metallic  deposit  yieldinq  efficiencies 
of  8%.  Hetero junction  and  Schottky  type  structures  are 
the  most  promising  for  future  development.  They  are 
the  most  easily  manufactured  and  require  small 
amounts  of  rare  materials.  While  offerinq  efficien¬ 
cies  of  only  6%  to  8%,  cadmium  sulfide  base  structures 
offer  low  production  costs  and  are  therefore  also 
beinq  investigated.  A  50%  decrease  in  solar  cell  costs 
over  the  past  two  years,  and  the  monetary  encouragement 
of  the  Energy  Research  and  Development  Administration 
have  done  a  great  deal  to  increase  the  solar  cell  in¬ 
dustry.  The  present  cost  of  solar  cells  is  approximately 
$15/peak  watt.  Although  a  projected  goal  of  $. 50/peak 
watt  by  1986  seems  distant,  manufacturers  feel  confident 
in  its  realization. 

Solar  Cell  Application 

Areas  of  solar  cell  use  can  be  divided  into  large 

(2) 

scale  and  small  scale  applications.  Large  scale 

photovoltaic  applications  are  those  which  generate  a 
large  amount  of  electricity  at  one  central  location  and 
then  distribute  it  on  demand.  The  basic  problems  with 
this  type  of  system  lie  in  the  areas  of  peripheral 
equipment,  energy  storage,  and  backup  from  other  sources 


of  enerqv.  In  large  systems,  sophisticated  power  con¬ 
ditioning  equipment  used  for  regulation,  DC  to  AC  con¬ 
version,  and  AC  transmission  increase  cost  and  decrease 
overall  efficiency.  Methods  of  storinq  large  amounts  of 
generated  power  are  also  a  problem.  Areas  of  study  in¬ 
clude  advanced  electrical  batteries,  thermal  storage 
in  rocks  and  water,  mechanical  storage  in  large  and  fast 
moving  flywheels,  hydraulic  storage  in  elevated  water, 
and  chemical  storage  in  generated  hydrogen  for  future 
burning.  If  none  of  the  above  methods  of  storage  prove 
to  be  feasible,  the  problem  of  alternate  backup  utilities 
becomes  paramount.  Since  solar  conversion  is  only 
possible  during  daylight  hours  of  high  solar  radiation 
intensity,  alternate  utilities  must  constantly  maintain 
a  high  level  of  energy  in  reserve  to  meet  any  unexpected 
great  demand.  The  result  is  a  costly  and  inefficient 
energy  system. 

Unlike  large  scale  systems,  small  scale  appli¬ 
cations  face  no  transmission  problems  and  adequately 
store  reserve  energy  in  common  lead  acid  type  batteries. 
While  small  systems  of  this  type  often  find  themselves 
in  homes,  office  buildings,  and  small  industries,  they 
are  primarily  used  in  remote  areas.  Examples  include 
desert  water  pumping  stations,  mountaintop  radio  and  TV 
communication  stations,  microwave  repeaters,  offshore 
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drilling  platforms,  shipboard  battery  charges,  buoy- 
mounted  navigational  aids,  and  space  applications. 

It  is  in  this  area  of  small  scale  applications  that 
this  study  is  concentrated. 

Solar  devices  produce  a  DC  output  which  represents 
only  12%  of  the  solar  energy  available.  In  addition, 
the  voltage  they  generate  is  a  variable  function  of 
sunlight  and  load.  Storage  batteries  charged  by  solar 
panels  lose  their  charge  with  use  and  produce  varying 
terminal  voltages.  The  result  is  the  necessity  for  an 
interface  between  the  supply  and  the  load  which  offers 
both  high  efficiency  and  good  regulation.  Since 
this  report  only  deals  with  loads  requiring  a  DC  supply, 
the  desired  interface  is  referred  to  as  a  DC-DC  con¬ 
verter.  Five  of  the  most  popular  types  of  DC-DC  con¬ 
verters  are  introduced.  One  is  then  chosen  and  de¬ 
signed  to  meet  the  specifications  of  a  solar  energy 
application. 

Before  a  converter  can  be  built,  its  input  and  out¬ 
put  specifications  must  be  defined.  A  survey  of  equip¬ 
ment  requiring  a  DC  supply  indicates  that  a  supply 
voltage  of  12  V  is  the  most  in  demand.  The  current  re¬ 
quirements  of  a  few  12  V  items  are  listed  in  appendix  A. 
The  voltage  characteristics  of  a  typical  rechargeable 
storage  battery  are  also  presented  in  appendix  A. 

Since  the  voltage  of  a  solar  panel  varies  by  as  much  as 
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15%  of  its  nominal  value,  an  input  specification  of 
+  15%  can  he  set  to  assure  maximum  panel  and  battery 
utilization.  A  list  of  all  the  design  specifications 
appears  in  table  1. 


A  COMPUTER  AIDED  ANALYSIS  OF  SEVERAL  APPROACHES 
TO  DC-DC  ENERGY  CONVERSION 

l 

The  capability  to  transfer  energy  efficiently  is 
not  only  desirable  but  necessary  in  the  light  of  present 
day  energy  problems.  The  DC-OC*  converter  may  provide 
such  capability.  In  general,  a  DC-DC  converter  can 
be  defined  as  a  two-port  network  which  extracts 
power  from  a  constant  voltage  or  current  source  and 
delivers  it  to  a  load  at  a  different  constant  value  of 
voltage  or  current.  Its  areas  of  application  include 
photography,  space  systems,  infrared  device  operations, 
solar  energy  systems,  and  energy  transfer  circuits  used 
in  the  detonation  of  munitions. 

Converters  which  attempt  to  maximize  efficiency 
seek  to  satisfy  the  ideal  input/output  relationship 
of  equation  1. 


(V. 

in 


=  (V 


AVG 


out 


*out^ 


AVG 


(1) 


In  the  converters  discussed  in  this  report,  input  and 
output  voltages  are  constant.  This  allows  equation  1 
to  be  rewritten  as 
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in  inAVG  OUt  OUtAVG  (2) 

This  implies  that  any  decrease  in  voltage  from  input 

to  output  demands  an  increase  in  average  current.  In 
addition,  any  decrease  in  average  current  requires 
an  increase  in  voltage.  This  results  in  the  reali¬ 
zation  that  in  any  conversion  process  of  high  ef¬ 
ficiency,  either  a  current  or  voltage  boost  must  be 
experienced.  Before  such  a  boost  can  take  place,  the 
input  DC  signal  must  be  transformed  into  an  AC  signal. 
This  AC  transition  is  necessary  since  voltage  or 
current  boosts  can  only  be  realized,  trom  basic  circuit 
theory,  by  equations  3  or  4. 


v  ( t )  -  L 


di  (t) 


i  (t) 


dv  (t) 
“St- 


(4) 


In  the  following  examples,  a  transistor  is  used 
to  generate  the  AC  signals  required  in  the  con¬ 
version  process.  It  performs  as  a  switch  operating 
between  saturation  and  cutoff.  Since  the  greatest 
amounts  of  power  dissipation  are  experienced  in  the 
active  region,  a  fast  transition  between  the  ON  and 
OFF  states  is  desirable.  This  results  in  the  gener¬ 
ation  of  an  AC  signal  in  the  form  of  a  square  wave. 

In  the  discussion  of  converters  which  follows, 
the  development  of  steady  state  expressions  describing 
voltage  gain,  current  gain,  and  efficiency  is  emphasized. 
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Table  1.  Converter  specifications 


Input  voltaqe  variation 
Output  voltaqe 
Output  current 
Efficiency 

Overshoot  and  undershoot 
for  maximum  charges  in  load 

Recovery  time  (RT)  for 
maximum  chanqes  in  load 


+15%  of  Nominal 

12  V  +  .5  V 

1  A  -  15  A 

70%  + 

2  V 

10  ms  maximum  for 
transient  recovery 
to  within  2%  of 
final  value 


Self-Oscillating  Transformer  Coupled  DC-DC  Converter 
The  self-oscillating  transformer  coupled  DC-DC 
converter  (fig.  1)  converts  energy  stored  in  its  iron 


core  to  a  voltage  and  current  level  determined  by  the 
turns-ratio  of  the  transformer.^3'*^  In  order  to 
transfer  energy  to  the  secondary,  an  AC  signal  is 
impressed  across  the  primary  winding  of  the  trans¬ 
former  in  the  form  of  a  square  wave.  Specifically, 
with  transistor  Q2  off,  stays  on  until  the  core 
saturates.  At  that  point,  the  base  drive  of  Q^,  supplied 
by  the  voltage  across  N2,  decreases  turning  off. 

As  turns  off,  the  voltage  across  is  reversed, 
and  Q2  turns  on  while  is  driven  off  completely. 

The  cycle  is  then  repeated.  In  order  to  develop 
expressions  for  input  and  output  waveforms,  modifica¬ 
tions  must  be  made  to  the  standard  transformer  model 
(fig.  2).  Equations  5  and  6  represent  the 

loop  equations  which  describe  the  circuit  shown  in 
figure  2. 


il%s  +  L1 


dii 

dt 


di 


+  M 


_2 

dt 


V 


2 


di.  di. 

M  St  *  L2  St  *  i2Rss 


(5) 


(6) 


where: 


Primary  series  resistance 


R  ■  Secondary  series  resistance 
s  s 


Figure  2.  Transformer  model  1 


*  Primary  inductance 
L2  =  Secondary  inductance 
M  =  Mutual  inductance 

Equations  5  and  6  can  also  be  obtained  from  the  circuit 
shown  in  figure  3,  making  it  mathematically  equal  to 
the  circuit  in  figure  2.  By  introducing  a  variable, 
n,  equations  5  and  6  can  be  rewritten  as 


„  ^  dil  nM  di2 

llRps  *  L1  "3t  *  H-  ~3t 


,  £  -2  fi|  *  "I 


(7) 

(8) 


This  results  in  the  model  in  figure  4.  If  n  is 
chosen  as  a  value  equal  to  the  turns-ratio  of  the 


Figure  4  can  now  be  redrawn  as  figure  5,  where 


K  is  defined  as  the  coupling  coefficient  and  expressed 


If  a  high  value  of  K  is  assumed,  figure  5  can  be 


With  this  as  our  model 


expressions  for  voltage  and  current  can  now  be  developed 
The  input  voltage  can  be  defined  by  figure  7. 

A  description  of  the  input  current  begins  with  the 


generation  of  the  Laplace  transform  model  (fig.  8) 


Writing  the  loop  equations  in  figure  8, 


and 


ST  -  W  +  SL1»  -  SI2L1 


0  =  -SIjLj.  +  I2(R'  +  SL1) 


(11) 


(12) 


where  R'  =  w  (R  +  R  ).  We  can  now  solve  for  I-  in 

ss  t 

equation  11. 


+  SL,)  -  VX 

2  =  s2li 


(13) 


Substituting  equation  13  for  in  equation  12, 

( I .  S  ( R _ +  SL.)  -  V,  )  (L,  S  +  R')  (14) 


SI1L1  " 


Lrv  ps  Jui'  Yr*~r 

s2l. 


Solving  for  1^, 


.  V(Rps  +  R,)  .  V1R,/L1(Rps  +  R,) 

Z1  =  S  +  R__R'  +  S(S  +  R_  R'  ) 


PS 

L  (R  +R' ) 
1  ps 


ps _ 

L. (R  +R' ) 
1  ps 


Transforming  1^  back  into  the  time  domain, 

RpSR'  t 

V.  e~  L,(R  +R') 

t  lA.\  _  1  1  PS 

il(t)  "  (R  +Rr) 


(15) 


V^R ' 

lTTR  tR1-) 

1  ps 


r4(RPs+R,) 


R  R'  t 
PS _ 

l-e~L, (R  _+R' ) 


R'R 


1  ps 


ps 


(16) 


! 

\ 


t 


yielding. 


V1  J 

le"t/r 

f,  V+R'' 

■\ 

1  R  +R' 

+  PS 

Tr  +rtT 

l 

1  1  R 

+  R 

ps  | 

f  ' 

w 

l  ps  i 

f  ps 

J 

(17) 


L.  (R  +R ' ) 
where  f  =  -^-Pgr - 


R  R' 
ps 


If  we  assume  7“  to  be  much  greater  than  the  switching 
period,  i^(t)  can  be  approximated  by 


(18) 


il(t)  =  T 


ps 


+R' 


i^(t)  is  the  magnitude  of  the  current  flowing  through 

the  saturated  transistor  in  the  direction  indicated 

by  figure  1.  Since  one  transistor  is  on  while  the 

other  is  off,  I  remains  constant  over  the  entire 
cc 

cycle  and  can  be  expressed  as 
V, 


cc 


R  +R* 
ps 


(19) 


The  current  through  the  secondary  is  obtained  by  first 
substituting  equation  15  for  1^  into  equation  13 


and  solving  for  I 2: 

V, 


I2  R'+R 


(20) 


ps 


S  + 


R  +R' 
ps 

lTTrTT+FT 

1  ps 


Transforming  I 2  back  into  the  time  domain, 
V,  e-t/?" 


i2(t) 


_ 1_ 

R  +Rr 
ps 


(21) 


15 


I 


If  7"  is  again  assumed  to  be  much  greater  than  the 
/ 

period,  ijft)  can  be  approximated  by 


i2  (t) 


R  +R ' 
ps 


i2(t)/N 


(22) 


^(t)  is  the  magnitude  of  the  current  flowing  through 
the  secondary  and  changes  direction  with  the  switching 
of  transistors  and  Q2#  Since  the  output  of  the 
transformer  is  rectified  (fig.  1) ,  I  can 


be  assumed  constant  and  equal  to 


VjN 

R  tR7" 
ps 


N  (V  -V  .) 
cc  cesat 

R  +R1 
ps 


V  N 
CC 

R  tR7" 
ps 


(23) 


This  allows  the  converter's  efficiency  to  be  expressed  as 

(24) 


Eff-  PoU«/Pin 


I  2R 
o 

V  I 
cc  cc 


Therefore, 


Eff 


yielding 


Eff  = 


2  2 
V  KN 
CC 


(25) 


(R..«')2  V=c  (Voc/(Rps+R1)) 


ps 


RN 


(26) 


N  (R+Rgg )  +  Rpg 


The  voltage  and  current  gains  follow  as 

NR 


I  R  NV  R 

o  _  _ cc 

V  =  Tr  +rtTv 

cc  ps  cc 


(27) 


N‘(R*RSS)  *  Rpg 
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TTT7’7 

Jig.  :* 


.. 


and 


NV 


A.  =  I  /I 
1  o  cc 


cc 


R  +R 
ps 


r  x 


_£S_ 


+R' 


V 


=  N 


cc 


(28) 


Eff  and  Av  are  plotted  (figs.  9  and  10)  with 
Rps  =  Rss  =  0*2  ohms.  The  plots  are  made  through 
the  use  of  a  Fortran  program  and  Calcomp  Plotter. 
Figures  9  and  10  demonstrate  the  dependence 
of  voltage  gain  and  efficiency  on  both  load  and 
turns-ratio.  Investigation  of  the  plots  shows 
that  highest  efficiency  results  during  periods  of 
low  voltage  gain  and  high  current  gain. 

The  self  oscillating  transformer-coupled  converter 
is  therefore  more  efficiently  used  for  voltage  step 
down  applications.  Used  in  this  role,  it  provides 
the  designer  good  input/output  isolation  and  high 
efficiency.  Its  disadvantages  include  the  necessity 
of  choosing  a  core  with  the  proper  flux  vs.  current 
characteristic,  core  loss,  increased  weight,  and 
development  of  electromagnetic  interference  (EMI)  due 
to  fast  transistor  switching. 
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Figure  10.  Transformer  coupled  voltage  gain 


Time  Ratio  Control 


In  the  four  converters  remaining,  a  method  of 
regulation  known  as  time  ratio  control  (TRC)  determines 
the  average  voltage  and  current  gains  of  the  circuit. 
TRC  can  best  be  demonstrated  by  the  circuit  in  figure 
11.  If  S  is  switched  in  the  manner  described,  the 
voltage  waveform  in  figure  12  results.  Integrating 
Vq  over  one  cycle  and  dividing  by  the  period  results 
in  an  expression  for  the  average  output  voltage 
over  one  cycle  of  operation: 


V 

o 

avg 


1 

T 


Vdt  =  £ 


Yielding, 

A 

v 

avg 


The  voltage  gain  is  therefore  a  function  of  the  ratio 
of  the  switch's  on-time  to  the  period.  This  method 
of  control  is  basic  to  the  operation  of  the  converters 
described  below. 

Voltage  Multiplier 

The  circuit  in  figure  13,  known  as  a  voltage 
doubler,  can  be  cascaded  with  itself  for  further 

(  o  \ 

voltage  multiplication.  Such  an  n-Tupler  is 

depicted  in  figure  14.  With  its  input  as  shown. 


! 
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the  doubler's  operation  is  as  follows:  When  V^n  is 
neqative,  is  forward  biased  and  D2  is  open. 

charges  to  V  with  the  polarity  indicated  and  C? 
discharges  slowly  through  the  load.  As  goes 

positive,  becomes  reverse  biased  and  is  turned 
on.  At  this  point,  charges  to  a  value  of  v+vc^- 
The  cycle  is  then  repeated,  maintaining  the  voltage 
across  C 2  at  2V. 

In  the  steady  state  analysis  of  the  circuit, 
it  is  assumed  that  the  average  voltage  across  the 
capacitors  is  constant,  and  the  average  current  through 
them  is  zero.  The  period  of  switching  is  also 
assumed  to  be  much  less  than  the  time  constant  of  the 


output  circuit,  but  much  greater  than  the  time  constant 
which  charges  up  C..  With  this  in  mind,  the  circuit's 
analysis  can  begin  by  saying  that  the  average  power 
supplied  over  one  cycle  is  equal  to  the  average  power 
absorbed  over  that  cycle.  Therefore, 


are  currents  which  flow  when  V 


while 


flow  when  V 


current  through  and  C2  equals  zero. 


PlW2 


0  and  pi1C21+P2IC22 


0  . 


(30) 


By  assuming  Vc^  to  be  essentially  constant,  equation 
29  can  be  rewritten  as 

V(P212-'’lIl)  ■  P1  ^Pl£l+P232^  +  Pouf  <3l) 


Dividing  by  the  left-hand  side  of  the  equation, 

’VP1I1+P2I2)  • 

Ef£»v,'  1  -  V(P2I2-PlI1) 

Since  the  average  current  through  C2  equals  zero, 


(32) 


avg 

and. 


■  ?2I2*  Iq  assumed  constant,  I( 


avg 


Eff 


avg 


1  - 


¥2 
2  VP, 


1  - 


Vo 

2VP1P2 


(33) 


Yielding 

Eff 


1  - 


RlVo 


(34) 


2VRP1P2 


avg 

When  is  positive, 

V  *  Z2*l  -  VC1  +  Vo  ’  t35) 

When  V^n  is  negative, 

-V  -  IlRl  -  VC1  .  (36) 

With  Vc^  constant  over  the  entire  cycle,  equations 
35  and  36  can  be  solved  simultaneously  for 
V  yielding 

R1T2  ♦  Vo  (37) 

V  "  1P7  T 
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r. 


JW: 


Substituting  equation  37  into  equation  34, 


RlVo 

RP1P2  "V2  *  V 


Yielding 


Rpip2 

R1+P1P2R 


The  average  voltage  gain  can  be  expressed  by 


2V  p, 
o  1 

R.I.+V  P. 
12  O  1 


2VoPl 

RlVo  +  PlVo 


Since  g-  -  IQ  -  P2I2, 

2P1P2R  ‘ 

Av  “  R.+P.P.R 
avg  1  12 

The  average  current  gain  follows  as 


P1T1  +  P2T2 


P2X2 

2P2X2 


Figures  15  through  18  represent  the  output  of  a 
computer  simulation  using  the  circuit  analysis  program 
SCEPTRE .  —  ....  _  «j.  j:  j..j _ 


The  program  was  run  at  different  duty 


cycles  with  V^n  =  +  10  V,  C^=C2=10  uf,  R^=l  ohm,  R=100  ohms, 
and  a  frequency  of  100  KHZ.  The  program's  output 
serves  to  confirm  the  results  of  equations  39  and 
41.  The  equations  themselves  have  been  plotted 
in  figures  19  and  20  with  R^=0.2  ohms.  The 
contour  plots  of  figures  19  and  20  demon¬ 
strate  the  dependency  of  voltage  gain  and  efficiency 


r  'm  ^  _  7' .vV*  * 


! 
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Figure  19.  Voltage  doubler  efficiency 


on  duty  cycle  and  load.  They  also  indicate  the 
maximum  values  of  efficiency  and  voltage  gain  which 
can  be  expected  with  a  series  resistance  of  0.2  ohms. 

At  a  load  resistance  of  2  ohms,  a  maximum  efficiency  of 
70%  and  a  maximum  voltage  gain  of  1.5  are  all  that 
can  be  expected.  Since  the  efficiency  varies  with  the 
duty  cycle,  attempts  at  voltage  regulation  can  be 
expected  to  result  in  lower  values  of  operating 
efficiency. 

Among  the  multiplier's  advantages  are  simplicity 
of  design,  multiple  outputs,  and  small  size  with  low 
weight  when  current  requirements  are  modest.  Its 
disadvantages  include  an  increase  in  cost,  inefficiency 
and  unreliability  with  increased  voltage  multiplication 
nonlinear  TRC  control,  and  variations  in  efficiency 
as  a  function  of  gain.  As  a  result,  the  voltage  multi¬ 
plier  is  best  suited  for  a  (constant  input) / (constant 
load)  application  while  operating  at  a  50%  duty  cycle. 
This  is  not  the  case  for  the  circuits  described  below. 

Single  Winding  DC-DC  Converters 

Single  winding  or  flyback  type  converters 
(figs  21  through  23)  all  share  a  transistor,  capacitor, 
inductor,  and  diode  as  basic  circuit  elements.  In 

the  AC  steady  state  analysis  of  these  circuits,  the 


transistor  and  diode  are  treated  as  ideal  switches.  The 
inductor  is  modeled  as  an  ideal  inductor  in  series  with 
some  resistance,  and  the  capacitor  is  treated  as  ideal 
with  zero  series  and  shunt  resistance.  In  each  case, 
it  is  assumed  that  the  frequency  of  switching  is  much 
greater  than  the  circuit's  natural  frequency.  This  causes 
current  ripple  through  the  inductor  and  voltage  ripple 
across  the  capacitor  to  be  considered  negligible.  In 
addition,  the  term  "AC  steady  state"  is  defined  as  a 
state  in  which  the  average  current  through  the  inductor 
and  average  voltage  across  the  capacitor  are  constant. 

On  this  basis,  approximate  expressions  for  voltage  gain, 
current  gain,  and  efficiency  can  be  developed. 


Voltage  Boost  Converter 

The  voltage-boost  converter  (fig  21)  operates  by 
first  opening  the  transistor  switch,  S,  for  a  time,  t2* 
This  causes  a  voltage,  Vj  =  L  diL/dt,  to  be  developed 
across  inductor,  L,  with  the  polarity  indicated. 

Diode,  D,  is  then  forward  biased,  and  a  voltage 
equal  to  +  VL  is  seen  across  the  output. 

Capacitor  voltage,  V  ,  is  assumed  to  be  already  at 
that  approximate  value  from  the  previous  cycle.  When 
S  is  closed  for  time  t^,  diode  D  becomes  open  and 
V  goes  negative.  During  this  time,  the  output  voltage 

Ii 
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— ~T~ 

V  '  v 


-  < 


I 


and  inductor  current  are  assumed  to  remain  constant 
with  the  exception  of  some  negligible  ripple.  With 
P1=t1/T,  P2=t2/T,  and  T*t1+t2,  an  expression  for  the 
average  efficiency  over  one  cycle  can  be  developed. 
Since  R^  is  the  only  source  of  loss. 


Iin2Ri 

E£W  1 ' 


(43) 


or 

E£w 1  - 

The  following  equations  are  developed  from  the 
circuit  in  fig.  21  with  V^n,  I^n,  VQ,  an<i  IQ 
assumed  to  be  constant. 

Vi„  *  hnRl  +  <Vav,  +  p2Vo 
‘  Vin  '  (Ic>avg 

Since  (V_ )  and  (I  )  .  are  equal  to  zero, 

L  avg  c  avg 


(44) 


(45) 

(46) 


and 


Vin  =  IinRl  +  P2Vo' 


I  «  P-I. 
o  2  in 


This  results  in 
V 


p^V 

in  _  n  +  _2_o 
_  =  r1  +  — 
in  o 


(47) 

(48) 

(49) 


Since  V  /I 
o  o 


K, 


in 


in 


Rin  "  R1  +  P5R' 


>2I 

2* 


(50) 


where  Rin  is  the  input  resistance  seen  by  the  source. 


33 


Substituting  into  equation  44, 


Eff“- '  ^17 ' 

The  voltage  gain  can  be  expressed  by 

Av  =  (IoR)/(RinItn)  =  R2IinR/IinRin 

Yielding 


(51) 


(52) 


Finally,  the  current  gain  results  from  equation 
48  as 


Equations  51  and  53  are  plotted  in  figures  24  and 


(53) 


(54) 


25  with  equal  to  0.2  ohms.  The  plots  indicate  the 
dependence  of  both  efficiency  and  gain  on  load  and  duty 
cycle.  They  also  point  out  that  areas  of  greater  than  80% 
efficiency  only  exist  for  duty  cycles  between  65%  and 
100%.  This  range  in  duty  cycle  limits  the  regulator's 
ability  to  react  to  transient  conditions  while  offering 
something  less  than  the  maximum  gain  of  1.25.  High 
efficiency  operation  and  maximum  voltage  regulation  are 
therefore  not  concurrently  available  with  the  voltage 
boost  DC-DC  converter. 
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Figure  24.  Voltage  boost  efficiency 


Current  Boost  Converter 


The  current  boost  converter  (fig.  22)  earns  its 
name  by  being  able  to  supply  more  average  current 
than  it  absorbs.  Its  AC  steady  state  operation  can 
be  explained  as  follows:  With  switch  S,  closed  for  time 
t^,  diode  D  becomes  reverse  biased,  and  current  flows  from 
the  input  through  inductor  L  to  the  parallel  combination 
of  R  and  C.  When  S  is  open  for  time  t2,  diode  D  con¬ 
ducts  allowing  the  constant  current  of  inductor,  L,  to 
flow  to  the  R  and  C  combination.  Of  course,  the 
inductor  current  and  capacitor  voltage  are  really  only 
approximately  constant  with  some  negligible  ripple 
present.  With  Pj**tj/T,  P2=t2/T,  and  T-tj^tj,  the 
following  relations  can  be  developed. 


V.  =  P.V, 

1  1  in 

avg 


V,  «  I.R,  +  <VL^__  +  I.R 


1  LI 

avg 


ivg  o 


IT  =  I  +  I 
L  c  o 

avg 


in. 


avg 


Vl* 


Since  I  and  (V_ )  equal  zero,  the  average  current 
c  Li  avq 

avg  y 

gain  becomes 

I  I  . 

A  =  °  „  o  -  1 

‘avg  T^T~  Vt  P1 

avg 


(55) 


The  voltage  gain  can  be  expressed  by 


Av 


V  RI  P,  I  R 

O  _  O  _  1  o 

Vin  “  V1  /pi“  vi 

avg  avg 


(56) 
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Yielding 


PjR  R(l-P2) 
Av  =  R+R1=  R+Rx 


(57) 


The  average  efficiency  can  now  be  expressed  as 

Eff  =  A  A  =  •  <58) 

rravg  Av  Ai 

y  avg  R+Rx 

Equations  57  and  58  are  plotted  (figs.  26  and  27)  with 
R^  =  0.2  ohms.  Unlike  the  voltage  boost  converter,  the 
plot  in  figure  26  indicates  a  linear  regulating  capability 
with  a  slope  independent  of  duty  cycle.  In  addition,  the 
efficiency  plot  of  figure  27  is  independent  of  duty 
cycle  and  climbs  to  a  value  of  90%  for  high  values  of 
load  resistance.  The  current  boost  converter  therefore 
offers  good  regulation  without  sacrificing  operating 
efficiency. 


Voltage/Current  Boost  Converter 


The  converter  of  fig.  23  has  a  combination  voltage 
and  current  boost  capability.  The  circuit  acts  as  one 
type  of  converter  or  the  other  depending  on  the  duty 
cycle  at  which  it  is  operating.  When  switch  S  is  closed, 
diode  D  is  reverse  biased  and  the  input  current  flows 
through  inductor  L  for  time  t^.  The  voltage  across 
capacitor  C  is  assumed  to  remain  essentially  constant 
during  this  part  of  the  cycle.  When  S  is  opened  for  time 
t2»  diode  D  becomes  forward  biased  allowing  "constant 


# 
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Figure  27.  Current  boost  efficiency 


current",  1^,  to  flow  into  the  P  and  C  combination. 
Again,  P^«t^/T,  P2»t2/T*  and  T»t^+t2.  As  a  result 
the  following  expressions  can  be  developed; 


\  =  P.V.  -  P,V 

1-..  1  in  2  o 

avg 


Vl  +  (VlA 


vg 


C  59) 


and 


I.  =  P.I. 
in  1  L 

avg 


To  "  _Ic  -  P2XL 
avg 


Since  (VL^vg  and  Ic  equal  zero,  IQ  =*  “P2IL  an<3 

=  ILR..  Solving  for  in  equation  59, 
avg  n 


V. 

in 


TLR1  +  P2Vo  * 


(60) 


An  expression  for  the  absolute  voltage  gain  results  as 
|V 


o' 

V. 

in 


-ToR  Pll 
|ILR1+P2Vo| 


(61) 


-I 

Since  I  =  —2.  •  and  V  =  -I  R 
L  P2  O  O 


P1P2R 

Rl+P2 


(1-P2)P2R 

R1+P2R 


the  average  current  gain  is  expressed  as 


(62) 


-I. 


avg  I 


inavgl 


P2XL 

P1XL 


(63) 
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The  average  efficiency  can  now  be  expressed  as 


Eff 


avg 


P2R 


Rj+P^R 


C64) 


Equations  62  and  64  are  plotted  in  figures  28  and 
29  respectively  with  R^  set  equal  to  0.2  ohms.  The 
plots  are  very  similar  to  those  of  the  voltage  boost 
converter  exhibiting  the  same  dependence  of 
efficiency  on  duty  cycle.  This  results  in  an  unde¬ 
sirable  linkage  between  efficiency,  voltage  gain,  and 
voltage  regulation.  It  is  undesirable  because  high 
voltage  gain  and  high  efficiency  do  not  occur  concurrently. 
The  converter  is  therefore  most  efficiently  used  as  a 
current  gain  device  which  cannot  offer  as  good  a  regu¬ 
lating  capability  as  the  current  boost  converter  pre¬ 
viously  discussed. 

The  single  winding  type  of  DC-DC  converter  provides 
high  reliability  independent  of  load  requirements,  a 
good  TRC  regulation  capability  and,  in  the  case  of  the 
current  boost  converter,  high  efficiency  independent  of 
duty  cycle.  In  addition,  it  offers  the  option  of  using 
an  air  core  instead  of  a  lossy  iron  core  in  the  inductor. 
Its  disadvantages  include  the  generation  of  electro¬ 
magnetic  interference  and  the  existence  of  high  frequency 
spikes  on  the  output. 
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This  completes  the  discussion  of  some  of  the  more 
popular  types  of  DC-DC  converters.  With  reaard  to 
efficiency  and  regulation,  the  current  boost  type  of 
converter  best  satisfies  the  requirements  of  the  solar 
energy  application  proposed.  A  more  detailed  discussion 
follows . 

DESIGN  &  CONSTRUCTION  OF  A  SERIES  SWITCHING  REGULATOR 

Choosing  a  DC-DC  Converter 

Five  DC-DC  converters  have  been  presented.  The 
major  considerations  in  determining  which  of  these  is 
best  suited  for  a  solar  energy  application  are 
efficiency  and  regulation.  Solar  panels  and  lead  acid 
storage  batteries  produce  nominal  voltages  which  vary 
by  +  15%.  Since  the  turns-ratio  of  the  transformer 
type  of  converter  is  constant, it  reflects  any  percentage  of 
change  in  input  voltage  directly  to  the  output.  If, 
for  example,  an  output  of  12  V  is  desired,  a  15%  change 
in  the  input  results  in  a  1.8  V  change  in  the  output. 

This  unacceptable  change  in  output  makes  the  trans¬ 
former  type  of  converter  unable  to  meet  the  require¬ 
ments  of  the  proposed  solar  energy  application. 

The  voltage  multiplier,  unlike  the  transformer 
type  of  converter,  can  be  time  ratio  controlled,  and  can 
adjust  its  voltage  gain  to  accommodate  changes  in 
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input  voltage.  Its  efficiency,  however,  varies  di¬ 
rectly  as  a  function  of  voltage  gain.  The  result  is 
that  nominal  operation  must  occur  at  an  efficiency 
other  than  the  maximum.  This  is  best  described  by  the 
plot  in  figure  20.  For  a  load  of  2  ohms,  a  +  15% 
change  in  input  can  only  be  accommodated  if  a  nominal 
voltage  gain  of  approximately  1.25  or  less  is  es¬ 
tablished.  At  this  gain,  a  duty  cycle  of  approximately 
0.25  is  needed.  The  plot  in  figure  19,  shows  that  a 
duty  cycle  of  0.25  produces  an  operating  efficiency  of 
65%.  This  value  is  unacceptable  and  eliminates  the 
voltage  multiplier  as  a  candidate  for  the  application 
proposed. 

Of  the  three  single  winding  circuits  presented, 
only  the  current  boost  type  allows  the  entire  range  of 
duty  cycle  to  be  used  for  regulation  without  exper¬ 
iencing  a  decrease  in  efficiency.  Such  a  character¬ 
istic  is  desirable  because  it  allows  the  accommodation 

I  * 

of  a  greater  variety  of  steady  state  input  and  output 
combinations.  Nominal  operation  can  also  be  centered 
in  the  50%  duty  cycle  area  allowing  maximum  requla- 

|  tion  to  occur  durina  transient  conditions.  On  this 

basis,  the  current  boost  circuit  is  felt  to  be  the 

best  DC-DC  converter  available  for  the  solar  application 

proposed. 
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As  seen  fron  fiqure  26,  if  nominal  operation  is 
to  occur  at  a  duty  cycle  of  50%,  a  voltaqe  qain  of  approx¬ 
imately  50%  must  first  be  established.  Since  storage 
batteries  are  most  readily  available  at  a  value  of 
12  V,  the  realization  of  a  24  V  supply  is  not  difficult. 
With  a  supply  of  24  V  and  a  dutv  cycle  of  50%  representa¬ 
tive  of  nominal  operation,  an  analysis  can  be  performed 
for  the  nominal  case. 


Steady  State  AC  Response 


The  current  boost  circuit  (fig.  22) is  often 
referred  to  as  a  series  switching  regulator.  Its 
main  purpose  is  to  filter  the  high  frecuencv  com¬ 
ponents  of  an  AC  sianal  generated  bv  the  switchinq 
of  a  transistor  in  series  with  a  DC  supply.  The 
result  is  a  DC  output  accompanied  by  some  unfiltered 
AC  which  is  referred  to  as  RIPPT,E.  The  magnitude  of 
the  ripple  can  be  specified  by  choosinq  the  proper 
values  of  inductance  and  capacitance.  To  accomplish 
this,  voltage  V^(fig  30)  must  first  be  approximated 
by  the  following  Fourier  series: 

03 


V  (t)=12+V  24  fl-cos(n-rr)]  sin  (2niTt/T) 

1'  L-  n-rT  (.  J  (65) 


n=l 


n  1,3,5,  . .  ■ 


The  generation  of  equation  65  is  described  in 
appendix  B.  Since  V^'s  fundamental  freouency  con- 
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Figure  31.  Steady  state  model  of  figure  30 


tributes  to  the  majority  of  output  ripple,  equation 
65  can  further  be  approximated  by  equation  661 


1 


vx(t)  =  12  +  sin  (2-n-t/T). 


(66) 


The  input  impedance  (fig  30)  must  also  be 
derived.  It  can  readily  be  obtained  from  the  AC 
steady  state  model  (fig  31)  which  assumes  R^  to  be 


zero. 


Zin(jto)  =  j  OJ  L  +  jRcoC-+I 


(67) 


In  order  to  obtain  the  value  of  z^n,  a  value  for  uj  must 
first  be  established.  Normal  operation  of  series 
switching  regulators  lies  anywhere  between  20  kHz  and 
50  kHz.  An  operating  frequency  of  greater  than  20  kHz 

is  desirable  because  it  minimizes  ripple  and  prevents 
operation  in  the  audio  range.  Frequencies  of  over 
50kHz  introduce  too  many  transitions  through  the 
transistor  switch's  active  region.  Increased  trans¬ 
ition  through  this  lossy  region  results  in  decreased 
efficiency.  In  addition,  duty  cycles  of  10%  and  90% 
demand  a  switching  speed  of  1%  of  the  switching  period. 
High  frequency  operation  would  therefore  make  it 
difficult  to  obtain  a  power  transistor  with  such  a 
switching  capability.  As  a  result,  a  value  of  30  kHz 
appears  to  be  an  attractive  frequency  at  which  to 
operate.  Solving  for  OJ  , 

U)  =  2-rrf  =  188.4  X  103  RADIANS/SEC. 
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Assuming  GJ  ■  188.4  X  10  ,  R  “  0.8  ohms,  and  C>1000  uF, 
Rcjc  can  be  expressed  as, 

RU)C  >  150.72>>1  .  (68) 

Therefore  equation  67  can  be  rewritten  as 


Zin(  j  u>) 


ju,L+  -=■ — 
JCJC 


If  L  >  .1  n\H 

and  C  >  1000  uf , 

it  can  be  said  that 


(69) 

(70) 

(71) 


U)L>  18.84  and  ^  <  5. 3X10-  3 . 

Therefore,  U)  L^>^>  and  z^n(ju>)  can  further  be 

approximated  by 

Zin(ju>)  =  jooL. 


(72) 


The  zero  to  peak  value  of  inductor  ripple  can  now 
be  obtained: 


AC 


(73) 


Ll  RIPPLE 


'in 


M  represents  the  magnitude  of  V  's  AC  component. 
11  AC 


As  a  result, 

ll 


Ll RIPPLE 
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(74) 


t r  l 


An  attempt  will  now  be  made  to  validate  previous 
assumptions  with  regard  to  inductor  current  and 
capacitor  voltage.  It  was  earlier  assumed  that  the 
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ripple  content  of  these  parameters  was  small.  In  keep¬ 
ing  with  this,  a  maximum  zero  to  peak  inductor  ripple 
of  0.2  amps  is  permitted.  A  smaller  maximum  value 
could  be  set  if  it  were  not  desirable  to  keep  the  value 
of  L  as  small  as  possible.  A  small  value  of  inductance 
results  in  a  small  series  resistance  and  a  physically 
smaller  inductor.  A  value  of  0.2  amps  is  chosen  because 
it  represents  a  1.3%  ripple  at  a  15  amp  load  and  a 
20%  ripple  at  a  load  of  1  amp.  Substituting  values 
for  | il| ripple  and  ^  into  equation  74,  yields 

the  following  solution  for  L: 

L  =  48/tT  (2  TT  X  30  X  103  X  .2)  =  0.405mH  . 


output  ripple.  Rewritinq  equation  71  to  solve  for 
C  yields 

C  =  48/4  TT  3f 2L I V  I  .  (78) 

°  RIPPLE 

Specifying  |v  I  at  lmV, 

1  01  RIPPLE 

C  =  1.06  X  10  ^farads. 

Since  L  and  C  both  satisfy  inequalities  70  and 
71,  a  reevaluation  of  equations  67  and  75 
is  unnecessary. 

Transient  Response 

The  transient  analysis  begins  with  the  generation  of 
fioure  30' s  Laplace  transform  representation.  Figure 
32  is  such  a  representation  and  allows  the  development 
of  equations  79  and  80t 

V 

V(s)  +  LIq  -  -|2  =  ii  (R1+LS+(1/CS) )  -  I2/CS 

(79) 

Vco  1.1  I _ ( R+l  )  (80) 

S  "  CS  *  CS 

The  solution  of  these  equations  is  described  in 
appendix  C  and  results  in  the  following  time  domain 
expression  for  Vo(t) : 


Vo ( t) = 


<srs2)sis2 


CO  S.(t-NT)  S-(t-NT) 

£  ((S2e  1  -Sj^e  +S1-S2)  u(t-NT) 

N=0 


S.(t-tl-NT)  S- ( t-t, -NT) 

-  (S2e  1  -Sie  z  1  )  u(t-t1-NT)) 


s.t  s2t  „ 

K2  (S,e  1  -S-,e  2  )  .3 

+  Ts^s^T  1  2  (s1-s2) 


S.t  S,t 
(e  1  -e  2  ) 


(81) 


A  determination  must  now  he  made  as  to  the  nature  of 
S^  and  S2 .  Substituting  values  for  L,  C,  and  R 
into  the  discriminant  of  equation  C-4  , 


'L+R^C 
LCR 


R  +R 

-  4  (  |  =  2.80  x  106-11.64  x  106 

LiCR 


where  R^  is  approximated  at  0.2  ohms,  R=0.8  ohms, 

L=0 .405  x  10”^h  and  C=1.06  x  10-^F.  Since  the  value 
under  the  radical  is  negative,  S^  and  S2  are 

complex  and  equation  81  can  be  rewritten  as 

oo 
K, 

Vo ( t)  = 


“  Z(eA<t'"TI  fl  SinB(t'NT) 


2  2 
A  +B 


N=0 


-cosB(t-NT)  +  lj.  u(t-NT)  + 
(t-t.-NT) 


-t^NT)  + 


cosB 


K2  e 


1  t  sinB  ( t-t 

(t-tj-NT)  -  lj  u ( t-tj^NT)  J  + 
f  A  sinBt  +  cosBt*)  K3  < 

1  B  J  B 


»♦- 

entsinBt 


(82) 
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where  A 


L+T^RC 


and 


B 


\  2LCR  / 

\  / 

\ 

l/L+R1RC\2 

M 

I\5lcr  j 

\LCR  )\ 

Equation  82  describes  the  output  voltage  generated 

by  the  circuit  in  figure  22  with  diode  D  out  of 

the  circuit.  Diode  D's  effect  on  the  circuit 

can  be  simulated  by  considering  only  the  parallel 

combination  of  R  and  C  whenever  the  current  through 

inductor  L  is  negative  and  switch  S  is  open. 

By  expressing  these  conditions  as  a  Fortran  program, 

values  for  overshoot  and  undershoot  can  be  obtained 

for  any  set  of  initial  conditions.  The  effect  of 

time  ratio  control  on  the  transient  response  can 

also  be  included  by  making  t^  a  dynamic  function  of 

Vo ( t) .  Figure  D-l  describes  the  TRC  relationship 

assumed  for  t,/T  as  a  function  of  V  (t) .  A  list  of 
1  o 

the  Fortran  program  appears  in  appendix  D.  Output 

from  the  program  appears  in  figures  33  and  34. 

Figure  33  is  a  plot  of  the  maximum  overshoot  and  its 

1 1?) 

recovery  time  (RT) .  The  overshoot  was  generated  by 

switching  the  load  from  a  value  of  0.8  ohms  to  12  ohms 
after  a  steady  state  output  voltage  of  12  V  had  been 
reached.  The  plot  in  figure  34  depicts  a  maximum 
undershoot  developed  by  switching  from  a  12  ohm  load  to 
a  0.8  ohm  load.  Since  the  maximum  overshoot  is  greater 
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than  the  specified  value,  adjustments  in  I,  and  C 

have  to  be  made.  By  looking  at  the  derivatives  of 

the  capacitor  voltage  and  inductor  current,  an 

insight  can  be  developed  as  to  the  influence  of 

L  and  C.  on  the  transient  response.  Since  dvc(t)  ic, 

dt  =  ~ 

an  increase  in  capacitance  is  clearly  seen  to  cause  a 
decrease  in  the  rate  of  change  of  capacitor  voltaqe. 
The  capacitor’s  response  to  changes  in  load  is 
therefore  decreased.  A  reduction  in  overshoot 
results  with  a  possible  increase  in  recovery  time. 

The  inductor  represents  a  current  source  supplying 
the  capacitor/load  combination.  The  rate  of  change 
of  its  current  is  an  indication  of  its  response  to  a 
change  in  load.  If  it  does  not  respond  auickly 
enough,  a  change  in  load  is  reflected  as  a 
change  in  output  voltage  rather  than  a  change  in 
inductor  current.  Since  diT  (t)  v  ,  a  decrease  in  I. 

J  j  _ 

“dt  IT 

serves  to  increase  di^ft)  causing  a  short  recovery 

'  dt 

time  and  a  decrease  in  overshoot.  With  this  in  mind 
T.  is  decreased  and  C  is  increased.  Returning  to 
equation  74,  L  is  set  to  0.3  mH  causing  the  inductor 
ripple  to  increase  to  a  value  of  0.27  V.  C  is  again 
calculated  from  equation  78  and  becomes  equal  to 
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1.435  x  10  ^F.  The  introduction  of  these  values  into 
the  proqram  results  in  an  overshoot  of  1.85  V  and  a 
recovery  tine  of  2.6  ns.  An  undershoot  of  1.8  V  also 
results  with  a  recovery  tine  of  2.5  ms.  Figures  35 
and  36  represent  adjusted  plots  of  overshoot  and 
undershoot.  Since  the  calculated  values  aqree  with 
the  specifications,  the  requlator's  filter  desiqn  is 
conplete. 

Control  Circuitry 

The  series  switching  requlator  of  figure  22 

has  been  defined  as  a  tine  ratio  controlled  device. 

The  switch  in  series  with  the  supply  must  therefore  be 

opened  and  closed  with  a  duty  cycle  determined  by 

the  output  voltaqe.  Fiqure  37  shows  a  circuit 

which  acconplishes  this  through  the  use  of  a  voltaqe 

controlled  pulse  width  modulator  (PWM) ,  current 

anplifier  (CA) ,  and  cower  switchinq  device  (PSD). 

When  the  pulse  width  modulator  produces  a  square  wave 

whose  duty  cycle  and  frequency  are  determined  from  the 

requlator's  output  ripple,  the  requlator  is  said  to  be 

(13) 

self-oscillatinq.  If  the  modulator  adjusts  an  ex¬ 

ternally  created  square  wave,  the  requlator  is  identified 
as  being  externally  driven.  In  the  case  of  a  self-oseil- 
lating  switchinq  requlator,  advantage  is  taken  of  the 
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fact  that  the  regulator's  switching  frequency  is  much 
creator  than  its  natural  frequency.  Such  a  condition 
generates  an  output  ripple  in  the  form  of  a  triangular 
wave.  A  linear  relationship  is  therefore  developed 
describing  the  output  voltage  as  a  function  of  tine. 
Figure  38  indicates  how  such  a  linear  relation¬ 
ship  can  be  used  to  develop  a  change  in  pulse  width. 

If  the  waveform  of  figure  38  turns  a  switch  on 
and  off  by  traversing  some  threshold  T,  a  vertical 
movement  in  the  triggering  waveform  generates  a  chance 
in  the  triggering  time,  and  a  variation  in  pulse  width. 

The  externally  driven  type  of  regulator  varies 
the  pulse  width  of  a  square  wave  obtained  from  some 
external  source.  An  astable  multivibrator  is  such  a 
source  and  is  used  as  the  basis  for  the  voltage 
controlled  pulse-width  modulator  designed  in  this  report. 
An  astable  multivibrator  is  discussed  in  apnendix  F  and 
gives  rise  to  a  modified  astable  multivibrator  whose 
oneration  is  described  by  the  following  expressions  for 
ON  time  and  OFF  time: 

(V2-'V)  •  (83) 

kk2 

and 


t 


2 


KK, 


In 


(VrVbe>  ) 

kk2  J 


(84) 
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The  natural  log  curve^^  of  figure  39  shows  that 
an  approximately  linear  range  of  operation  exists 
between  X  =  1/4  and  X  =  3/1.  If  such  a  region 
of  operation  is  realized,  t^  and  t2  can  he  described 
as  linear  functions  of  and  when  V2»Vbe  and 
v  '>'^Vbe.  By  assuming  the  sum  of  and  V^,  to  remain 
constant,  the  sum  of  t-^  and  t2  can  also  be  assumed 
approximately  constant  making  the  frequence  of  oper¬ 
ation  constant.  As  a  result,  the  duty  cycle  becomes 
a  variable  function  of  V  or  V2  qualifying  figure  E-2 
as  a  voltage  controlled  pulse  width  modulator.  The 
realization  of  such  a  linear  operating  range  begins  by 
neglecting  V  in  equations  83  and  84.  Substituting 
the  specified  boundary  conditions, 

V2  -  T  KK2 

and 


where  KK2  =  Vj_  +  V2  -  Vfee 
Solving  for  V^, 


Although  approximate,  the  above  relation  can 
serve  as  a  starting  point  from  which  to  develop  values 
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By  assuming  a  value  of  4  V  for  V 


becomes  equal  to  12  V,  and  expressions  for  dutv  cycle 


period,  and  frequency  can  be  defined.  The  duty  cycle 


The  frequency  therefore  becomes 


The  plot  of  equation  85  (fiq  40)  shows  that  an  ex 


tension  of  the  difference  between  V,  and  V,  is  re 


quired  if  the  duty  cycle  is  to  ranqe  from  10%  to 


90%.  By  extending  V  and  V_  to  3  V  and  13  V,  adjusted 


plots  of  duty  cycle  and  frequency  can  be  developed 


These  plots  are  shown  in  figures  43  and  43.  Values  for 


R in  equation  85  were  determined  by  specifving  a  fre 


quency  of  30kHz  at  a  50%  duty  cycle.  T’his  resulted  in 


Investigation  of  figures  42  and  43  reveals  the  duty 


quency  is  only  3.8%  over  the  full  range  of  steady  state 
nominal  input  operation.  A  more  specific  determination 
of  individual  component  values  can  now  be  made. 

By  specifying  a  maximum  collector  current  of  1  ma 
when  the  supply  voltage  is  13  V,  a  value  of  13,000  ohms 
can  he  assigned  to  R^  and  Rc2  •  RY  assuming  a  minimum 
transistor  current  gain  of  30,  the  values  of  R^  and  R? 
can  be  approximated  by 

Rj_  =  R2  =  (30)  (Rcl) 
making 

R^  =  R^  =  390K  ohms. 

This  results  from  the  fact  that  the  current  flowing 
through  R^  and  R2  must  be  great  enough  to  saturate  the 
transistor,  but  not  demand  values  of  R^  and  R,,  which 
might  greatly  increase  the  physical  size  of  C^  and  C^. 

A  calculation  of  the  base  current  when  the  source  is 
at  3  V  results  in 

Ib  =  (3  V-.7  V)/390  x  10 3  ohms  =  5.80  uA. 
Multiplying  this  value  by  the  assumed  gain  yields 
Ic  =  (30)  (5.89  uA)  =  170.7  uA. 

Since  I  .  at  3  V  equals  330  uA,  a  transistor  with  a 
gain  of  at  least  40  must  be  used.  Calculating  the 
values  of  C^  and  C2  from  Equation  80, 

Cx  =  C2  =  58  pf. 
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This  results  in  making  (P.^)  ^  ^  (R]_)  (ri)  an<^  there¬ 

fore  causing  the  initial  conditions  of  equations  E-4, 
E-S,  E-R ,  and  E-9  to  be  valid.  The  choice  of  a  2N2222A 
as  the  switchinq  transistor  completes  the  specification 
of  ail  but  one  of  the  circuit's  comnonents.  The  re- 
maininq  element  is  a  diode  which  must  be  inserted  from 
the  transistor's  emitter  to  ground.  Its  insertion 
is  shown  by  the  dashed  lines  in  figure  E-2. 

The  diode's  purpose  is  to  protect  the  transistor's  base- 
to-emitter  junction  from  high  values  of  reverse  vol¬ 
tage.  A  germanium  diode,  1N4S6A,  protects  the 
junction  while  offering  a  very  small  forward  bias 
voltage.  Table  E-l  represents  the  final  component 
values  of  figure  E-2. 

With  the  help  of  the  electronic  circuit  analysis 
program  "SCEPTRE",  the  circuit  in  figure  E-2  can 
be  simulated  using  transistor  and  diode  models  for 
the  2N2222A  and  1N4RRA  semiconductors.  The  plots  of 
figures  44  and  4S  represent  the  base  and  collector 
voltages  of  transistors  Q  and  They  also  confirm 

frequency  calculations  and  exnected  circuit  operation 
in  general. 

Upon  attempting  to  obtain  a  10%  to  00%  variation 
in  duty  cycle,  laboratory  results  indicated  that  the 
modulator's  transistors  were  unable  to  turn  off  with 
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Figure  44.  Base  voltage  of  Ql 


Figure  45.  Collector  voltage  of  Ql 
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enough  speed  to  sustain  oscillation.  By  allowing 
and  V2  to  go  between  values  of  5  V  and  12  V,  a  20%  to 
80%  change  in  duty  cycle  was  observed  and  proper  multi¬ 
vibrator  oscillation  assured. 


Pulse  Width  Modulator  Control 


The  multivibrator  described  above  has  a  pulse 
width  which  is  controlled  by  the  values  of  and 
V2*  V1  an<^  V2  can  a^so  be  linked  to  the  regulators 
output  making  the  modulator's  pulse  width  a  function 
of  the  regulator's  output  voltage.  The  circuit  in 
figure  46  represents  such  a  linkage.  Its  analysis  be¬ 
gins  by  assuming  a  base- to-emitter  drop  of  0.7  V  and  a 
nominal  current  gain  of  100  for  each  transistor.  As 
the  regulator's  output  increases  from  11.7  V  to  12.4  V 
diodes  D-^  and  D2  act  to  maintain  a  1.4  V  rise  between 

Vregout  an^  the  *nput  stage  one.  Stage  one's 
primary  function  is  to  supply  the  regulator's  feedback 
circuit  with  an  input  impedance  of  100K  ohms.  With 
the  help  of  Zener  diode  Z^  stage  one  operates  with  a 
voltage  gain  of  unity  and  goes  from  saturation  to  cut¬ 
off,  while  reflecting  changes  in  vregout  at  Q2' s 
base.  Q2's  c°llector  responds  with  a  voltage  gain 
of  10  and  an  excursion  of  5  V  to  12  V.  This  voltage 


acts  to  satisfy  the  requirements  of  without  loading 
down  Q^'s  collector  circuit.  Resistor,  Ry,  functions 
to  divide  by  a  factor  of  in.  This  value  is  then 
translated  by  Zener  diode  to  the  base  of  Q^. 

Q-j's  collector  reacts  by  decreasing  from  12  V  to  5  V. 
VCQ3  therefore  qualifies  as  the  source  of  voltage  V?. 
In  operation  the  circuit  in  figure  47  replaces  that 
in  figure  46.  The  primary  differences  between  the  two 
circuits  are  the  replacement  of  Z2  by  transistor  Q4 
and  its  associated  circuitry,  and  the  introduction  of 
resistors  R^  and  RR^.  Transistor  Q^'s  base  circuit 
maintains  its  collector  current  at  a  constant  of 
approximately  1  ma.  A  constant  voltage  is  therefore 
seen  across  R  and  neither  IR  nor  act  to 

undesirably  affect  the  circuitry  into  which  they  flow. 
Resistor  Rzl's  effect  is  only  seen  when  transistor 
is  cutoff.  At  that  point  1^  is  at  a  minimum  and 
Z  operates  on  the  knee  of  its  characteristic.  R? ^ 
can  then  act  to  slightly  decrease  V^, ^  and  more  exactly 
determine  the  duty  cycle  desired.  RR^'s  only  function 
is  to  protect  the  base  of  from  excessive  amounts  of 
base  current.  When  connected  to  the  multivibrator 
(figure  2),  values  of  11.4  V  and  12.4  V  for  V 
produce  duty  cycles  of  80%  and  20%,  respectively.  The 
14.5  V  supply  (figure  47)  is  made  available  through 
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the  use  of  a  Lambda  Las-14U  voltage  regulator.  The 

regulator  and  its  associated  circuitry  are  shown  in 
figure  48.  It  is  capable  of  accepting  input  voltages 
between  6  V  and  40  V,  delivering  an  output  current  of 

O 

3  A,  and  dissipating  as  much  as  30  watts  at  25  c. 

Its  output  is  a  variable  and  can  be  adjusted  by  resistors 
R^  and  to  deliver  voltages  between  2.55  V  and  30  V. 
This  completes  the  description  of  the  voltage  controlled 
pulse  width  modulator  and  allows  attention  to  be  focused 
on  the  current  amplifier  (CA)  of  figure  48. 

Before  the  amplifier's  maximum  collector  current 
can  be  determined,  a  power  switching  device  (PSD)  must 
he  selected.  Lambda's  PMD-17K-100  is  a  Darlington 
pair  made  primarily  for  high  power  switching  applica¬ 
tions.  It  offers  an  I  of  20  A  (continuous), 

cmax 

a  V  of  100  V,  a  Pd  of  225  V7  at  25  °c,  and  a 

ecmax  max  7 

minimum  current  gain  of  1000.  On  this  basis,  it  has  been 
chosen  to  perform  as  the  power  switching  device  (PSD) 
(figure  48).  The  current  amplifier's  maximum  collector 
current  can  now  be  specified  at  a  value  of  at  least 
15  A/1000  or  15  mA.  On  this  basis  and  that  of  criteria 
yet  to  be  discussed,  a  maximum  value  of  50  mA  will  be 
assumed  for  I  With  respect  to  the  current  ampli¬ 

fier's  input,  it  is  important  that  the  base  current 
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not  he  so  great  as  to  load  down  the  outnut  of  the 
pulse  width  modulator.  This  can  he  accomplished  hv 
designing  the  current  amplifier  as  a  Darlington  pair 
with  a  minimum  current  gain  of  10,000.  The  result  is 
a  base  current  of  only  5  uA.  This  amount  of  base 
current  is  small  when  compared  to  even  10%  of  the 
initial  380  uA  needed  to  charge  of  figure  E-2. 

By  assuming  a  minimum  modulator  outout  of  5  V  and  a 
Darlington  base- to-emitter  voltage  of  1.4  V,  a  max¬ 
imum  value  of  720K  ohm  series  resistance  can  be 
calculated  which  will  produce  a  minimum  base  current 
of  5  uA.  In  practice  an  available  value  of  560K  ohms 
is  used.  Figure  48  depicts  this  resistance  in  parallel 
with  a  capacitance  of  68  pf.  The  capacitor's  function 
is  to  assist  in  bringing  the  Darlington  pair  out  of 
saturation  and  into  cutoff  when  the  modulator's  output 
goes  to  zero.  It  accomplishes  this  by  providing  a 
negative  voltage  current  sink  which  in  turn  acts  more 
rapidly  to  remove  charge  carriers  from  the  Darlington's 
base.  The  value  of  CR  is  empirically  obtained  and  is 
a  function  of  the  Darlington's  extent  of  saturation. 

The  only  restriction  on  CB  is  that  it  not  increase 
too  greatly  the  time  constant  which  determines  the 
charging  rate  of  capacitor  C?  (fig.  E-2).  A  IK  ohm 
resistor  is  placed  in  series  with  the  Darlington's 


79 


base  and  protects  it  from  excessive  base  currents. 

In  operation,  the  current  amplifier  cannot,  by 

itself,  drive  the  power  Darlington  from  saturation  to 

cutoff.  Additional  circuitry  is  needed.  The  resistor/ 

inductor  series  combination  in  figure  48  repre- 

(17) 

sents  such  circuitry.  It  was  suggested  by  Ulf 

Andersson,  ADDO  AB,  Malmo,  Sweden  and  operates  in 
the  following  manner:  then  the  power  Darlington  is  in 


saturation,  the  current  through  inductor  LqS  increases 
as , 

IlQS  =  Imax(l-e  (87) 

where  T  -  lqs/rqs«  switching  period  and  Imax  =  Veb'/RQS* 
As  the  power  Darlington's  base  drive  is  removed,  LqS 
continues  to  conduct  current  back  into  the  transistor's 
base,  turning  it  off.  When  Q  's  bage  drive  returns,  Lnc 
fails  to  conduct  immediately  and  Qs  saturates  quickly. 


When  calculating  I  ,  Andersson  suggests  that  it  be 

max 

set  equal  to  the  value  of  IR  when  Qg  is  in  saturation. 
IR  can  be  approximated  by 

rB  -  <<Vin-Veb)/V  -  W  (88> 

Since  h  is  at  its  minimum  of  1000  when  I  is  equal 

r  ti  C 

I  to  15  A,  a  minimum  base  current  of  15  mA  will  be  de- 

signed  for  Qg  in  saturation.  In  an  attempt  to  satisfy 
Andersson's  criterion,  Imax  will  be  chosen  at  a  value 


of  15  mA  when  V^n  is  at  a  minimum  of  (24  V-15%(24  V) ) 
or  20.4  V. 
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Solving  for  Rr  from  equation  88 


Rc  -  (Vin-Veb>/(IB+Imax) 


where 


_  20.4  V-2 . 8  V  _  cor  , 

R_  =  - s ~  5  8fi  ohms 

C  30mA 

The  value  of  1^  can  be  calculated  from  equation 
88  when  V^n  is  at  a  maximum  of  27.fi  V. 

I  =  27  mA. 

B 

Imax  therefore  equal  to  approximately  one  half 

the  value  of  I  .  in  an  effort  to  decrease  this  dif- 
B 

ference,  the  value  of  I  will  be  increased  to  20  mA 

max 

and  the  value  of  R  recalculated  when  V.  equals  20.4  V. 

c  in 

From  equation  89, 

R^,  =  500  ohms 

Calculating,  again,  the  value  of  I0  for  =  27.fi  V, 

I  =  30  mA. 

H 

The  difference  between  I  and  I_  has  decreased,  but 
only  at  the  expense  of  an  increase  in  power  dissipa¬ 
tion.  Andersson's  criterion  is  not  a  strict  con¬ 
dition  on  the  value  of  I  .  but  rather  a  rule  of 

max 

thumb  used  in  its  calculation.  Treating  it  as  such, 
an  Imax  of  20  mA  is  assumed  acceptable,  and  any  further 
increase  in  power  dissipation  is  avoided.  It  was  on 
this  basis  that  a  maximum  value  of  50  mA  was  earlier 
chosen  for  With  the  value  of  Imax  defined,  the 


value  of  RqS  can  be  obtained  by 


R_  „  =  V  , /I  =  2 . 8v/20ma  =  132  ohms. 

QS  eb  max 

Lnc.  can  now  be  determined.  Its  value  must  be  large 
enough  to  turn  Qg  off,  but  small  enough  to  satisfy 
the  condition  LqS/RqS <  <  switching  period.  A  value 
of  0.15  mH  was  found  to  satisfy  the  above  condition 
while  functioning  satisfactorily  to  turn  Qg  off.  LqS  and 
RqS  assure  Qg's  saturation  and  cutoff,  but  other  switching 
related  problems  demand  the  introduction  of  even  further 
circuitry. 

When  transistor  Qg  turns  on  and  off,  it  experiences, 
for  a  short  time,  simultaneous  values  of  maximum  voltage 
and  current.  Such  a  situation  subjects  the  switching 
device  to  undesirable  stresses  and  acts  to  decrease 
the  regulator's  operating  efficiency.  Figure  49 
depicts  this  situation  by  displaying  voltage  Vec  and 
current  I  concurrently.  While  peak  values  of  Vec  and 
Ic  do  not  overlap  when  Qg  is  turning  on,  they  do  when  0g 
is  turning  off.  Such  an  overlan  can  be  rectified  by  the 
stress  relief  circuitry  (SRC)  which  appears  in  parallel 

: - 3  _  r\  ICi _  HO\  (1^)  - n  -I  r.  •:  „ 


with  diode  D  (figure  48) 


When  Qg  is  in 


saturation,  capacitor  Cq  charges  up  through  resistor 

R„  to  a  value  of  V.  -V  . .  As  Qe  begins  to  turn  off, 
S  in  ecsat  s 

1^,  decreases.  Since  inductor  L  does  not  tolerate  an 
instantaneous  change  in  current,  capacitor  Cg  acts  to 


Figure  49.  Switching  waveforms  without  (SRC) 
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provide  the  difference  in  current  between  I  and  I  . 

L  C 


i 


This  continues  until  Cg  discharges  through  diode  Dg.  If 

the  current  were  not  supplied  by  Cg,  diode  D  would 

have  had  to  be  the  immediate  source  of  new  current, 

and  become  forward  biased  as  soon  as  it  conducted  even 

the  slightest  amount  of  current.  It  would  therefore 

become  forward  biased  before  Qg '  collector  current  had 

a  chance  to  decrease.  This  would  cause  the  voltage 

across  the  transistor  and  the  current  through  it  to 

simultaneously  be  at  their  maximum  values.  Figure 

50  represents  Vec  and  1^,  after  the  introduction  of 

the  circuitry  suggested.  Rs  and  Cg  are  calculated  by 

keeping  their  product  less  than  one-sixth  the  switching 

period,  and  making  Cg  as  large  as  possible  without 

decreasing  Rg  to  a  value  which  might  cause  ( V^n-Vec) /Rg 

to  be  in  excess  of  I Values  of  0.2  uF  for  Cq  and 

cmax 

25  ohms  for  Rg  were  found  to  provide  sufficient  stress 
relief  while  satisfying  the  conditions  specified  above. 
It  should  be  mentioned  that  the  supression  offered  by 
figure  48  results  only  at  the  expense  of  energy 
lost  during  the  charging  of  capacitor  Cg.  The  amount 
of  energy  lost  in  charging  C  over  one  cycle  can  be 
expressed  by 


E 


lost 


1 

1 


(CS>  (Vcs> 


(90) 
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The  average  power  lost  over  one  cycle  becomes 


-iost  =  5  (cs>(v=s»2/t  1911 

where  T  is  the  period  of  operation. 

Two  components,  inductor  L  and  capacitor  C,  are 
basic  to  the  regulator's  operation  and,  to  a  large 
extent,  determine  its  efficiencv  and  the  quality  of 
its  output.  Inductor  L  was  chosen  to  be  wound  on  an 
air  core  with  12-gauge  heavy  armored  poly thermaleze 
transformer  wire.  The  number  of  turns  necessary  to 
produce  an  inductance  of  0.3  mH  was  determined  by 

N  =  (L/ (Fxd) ) ^  =  - ^2 -  =  129  turns 

8X10  X2. 25 

L  represents  the  desired  inductance  in  microhenries, 

d  represents  the  diameter  of  the  coil  in  inches,  and 

F  defines  a  form  factor  obtained  from  the  ratio  of 

the  coils  diameter,  d,  to  its  length.  The  graph 

( 19 ) 

used  to  relate  this  ratio  to  F  is  available. 

An  air  core  was  used  because  it  offers  a  constant 

value  of  inductance  and  eliminates  losses  due  to 

hysterisis  and  eddy  currents.  A  wire  gauge  of  twelve 

was  used  to  minimize  series  resistance  and  reduce 
_2 

I  R  losses. 

Capacitor  C  was  chosen  to  be  a  Cornell-Dublier  four 
terminal  low- inductance  capacitor.  The  graph 
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in  appendix  F  is  a  typical  comparison  between  a  low 
inductance  capacitor  and  a  conventional 

capacitor.  As  the  plot  indicates,  a  low  inductance  capa¬ 
citor  has  a  much  better  high  frequency  characteristic, 
making  it  desirable  for  series  switching  applications. 

A  capacitance  of  1600  uF  was  chosen  as  the  closest 
value  available  to  that  calculated  earlier. 

All  of  the  semiconductors  used  were  chosen  on  the 
basis  of  availability  and  satisfaction  of  certain 
circuit  specifications.  Transistors  were  expected  to 
meet  specifications  on  maximum  power  dissipation, 
maximum  collector  to  emitter  voltage,  maximum  collector 
current,  and  transistor  current  gain.  Diodes  were 
chosen  on  the  basis  of  their  maximum  reverse  voltage, 
maximum  power  dissipation,  and  forward  voltage  drop. 

Zener  diode  Z^  was  expected  to  meet  the  specified 
reference  voltage  and  power  dissipation.  Diode  D 
satisfied  requirements  on  maximum  reverse  voltage, 
forward  voltage  drop,  maximum  forward  current,  and 
reverse  recovery  time.  The  reverse  recovery  time 
is  important  in  this  case  because  it  determines  the 
time  for  which  Qs  experiences  a  high  collector  current 
while  diode  D  is  forward  biased  and  vpppp  at  a 
maximum. 
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MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BURL  AO  Of  STANDARDS  1963  A 


TEST  PROCEDURES  AND  RESULTS 


The  steady  state  response,  transient  response, 
efficiency,  and  regulation  of  the  regulator  designed 
in  this  work  are  discussed  below,  along  with  test 
results  and  a  description  of  the  measurement  tech¬ 
niques  and  equipment  used  for  each  test.  The  cir- 
in  figure  51  was  used  throughout  the  measure¬ 
ment  taking  proces  to  provide  the  regulator  with  a 
constant  supply  of  input  voltage.  Capacitor  Cin 
was  mated  with  voltage  supply  E  to  minimize  the 
high  frequency  ripple  generated  in  E.  Such  high 
frequencies  are  undesirable  because  they  generate 
magnetic  fields  of  a  magnitude  which  prove  detrimental 


conjunction  with  the  equipment  listed  in  table  G-l, 
appendix  G.  Among  the  items  on  the  list  is  a  second¬ 
ary  standard  which  was  used  to  assure  the  proper 
calibration  of  the  equipment  used. 

Steady  State  Response 

Figure  52  represents  the  regulator's  output 
for  an  input  voltage  of  24  V  and  a  load  resistance 
of  10  ohms.  The  output  ripple  consists  primarily 
of  a  low  frequency  component  and  a  high  frequency 
component.  The  low  frequency  ripple  was  measured 
to  have  a  zero-to-peak  magnitude  of  13.5  mV  and  a 
frequency  of  approximately  30  kHz.  This  disagrees 
with  the  1  mV  value  previously  required.  The  dis- 
crepency  results  from  the  fact  that  capacitors,  even 
low  inductance  types,  do  not  exhibit  an  ideal 
frequency  characteristic.  From  capacitor  data, 
an  equivalent  capacitance  of  100  uF  can  be 
calculated  for  C  at  a  frequency  of  30  kHz.  Substitu¬ 
tion  of  this  value  into  equation  77  yields  an  output 
ripple  of  14  mV.  The  difference  between  this  and 
the  measured  value  is  only  0.5  mV.  This  confirms 
the  validity  of  equation  77  while  pointing  out  the 
importance  of  proper  component  specification. 

The  high  frequency  component  in  figure  52  has  a 


Figure  52.  Regulator  output  voltage 
((vertical  =  0.5  V/Div) 
(horizontal  =  10  usec/Div) 


Figure  53.  Regulator  output  voltage 
(vertical  =  0.2  V/Div) 
(horizontal  =  0.1  usec/Div) 
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magnitude  of  0.8  V  and  represents  the  output's  most 
undesirable  characteristic.  Its  amplitude  can  again 
be  explained  by  the  nonideal  nature  of  capacitor  C. 

As  implied  by  the  curves  in  appendix  F,  capacitor 
C's  impedance  characteristic  eventually  curves  upward 
increasing  rather  than  decreasing  with  increased 
frequency.  Figure  53  is  a  closer  look  at  figure  52 
with  a  time  sweep  of  0.1  u  sec/div.  The  frequency 
can  be  calculated  from  figure  53  to  be  approximately 
20  MHz.  Since  capacitor  C's  maximum  impedance  speci¬ 
fication  is  only  specified  up  to  a  value  of  1  MHz,  a 
frequency  of  20  MHz  can  be  expected  to  produce  the 
undesirable  results  experienced.  Values  as  high  as 
3  V  peak-to-peak  can  be  measured  for  large  values  of 
input  voltage  and  current.  The  output's  ripple 
factor  can  be  calculated  by  dividing  its  RMS  voltage 
by  its  DC  component.  The  plot  in  figure  54  represents 
the  output's  ripple  factor  as  a  funtion  of  load. 

Transient  Response 

The  regulator's  transient  response  was  measured 
at  an  input  voltage  of  24  V  for  changes  in  load 
ranging  from  1  A  to  the  10  A  maximum  of  voltage  supply  E 
Figure  55  represents  the  test  circuit  used. 
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It  is  comprised  of  an  input  supply,  series  switching 
regulator,  knife  switch,  two  wirewound  resistors, 
a  Tektronix  555  oscilloscope,  and  a  Biomation  transient 
recorder.  The  transient  recorder  acts  to  convert 
the  Tektronix  555  scope  into  a  storage  type  of  C.R.T. 
This  is  done  to  achieve  picture  taking  convenience 
and  make  use  of  the  recorder's  ability  to  display  the 
output  before  and  after  the  triggering  signal. 

Figures  56  and  58  represent  the  transient  overshoot 
and  undershoot  sampled  by  the  transient  recorder. 

The  overshoot  was  generated  by  switching  the  regulator's 
load  resistance  from  a  value  of  1.2  ohms  to  12  ohms. 
Figure  57  represents  the  overshoot  calculated  by  the 
previously  written  transient  analysis  program.  The 
program  was  executed  with  the  intial  conditions  and 
component  values  listed  in  table  2.  It  should  be  noted 
that  the  value  of  represents  the  lumped  effect  of 
inductor  L's  series  resistance,  capacitor  C's  series 
resistance,  transistor  Qg's  saturation  resistance, 
and  diode  D's  forward  biased  resistance.  Inductor  L's 
series  resistance  was  measured  at  a  value  of  0.135  ohms 
with  a  Fluke  impedance  bridge.  Capacitor  C's  series 
resistance  was  obtained  from  its  equivalent  series 
resistance  specification.  Q  's  saturation  resistance 

u 

was  approximated  by  dividing  its  value  of  vecgat  by 
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VOUT  (volts) 


Measured  transient  overshoot 
(vertical  =  0.25  V/Div) 
(horizontal  =  731  usec/Div) 


Figure  57.  Analytical  transient  overshoot 


VOUT  (volts) 


Measured  transient  undershoot 
(vertical  =  0.5  V/Div) 
(horizontal  =  731  usec/Div) 


Figure  59.  Analytical  transient  undershoot 


Icsat  when  Icsat  was  ec*ual  to  5  A*  ni°de  D  is  a 
IN 39 10  and  has  a  resistive  contribution  which  was 

determined  by  dividing  its  1.4  V  forward  drop  by 

(22) 

5  A.  The  effects  of  Qg's  saturation  resis¬ 

tance  and  diode  D's  forward  biased  resistance  are 
only  seen  during  their  respective  half  cycles. 

Because  of  this,  their  values  are  averaged  together 
to  properly  reflect  their  contribution  over  a  complete 
cycle.  By  adding  this  result  to  the  series  resis¬ 
tances  of  inductor  L  and  capacitor  C,  a  value  of 
R^  can  be  used  which  closely  reflects  the  regulator's 
series  component  of  resistance.  The  photograph  and 
plot  in  figures  56  and  57  agree  very  closely  with  one 
another.  Differences  can  only  be  attributed  to  the 
inability  of  R^'s  lumped  model  to  completely  simulate 
the  nonlinear  nature  of  R^ .  Figure  58  represents 
the  regulator's  response  when  R  is  switched  from  a 
value  of  12  ohms  to  1.2  ohms.  Figure  59  is  figure 
58 's  analytical  counterpart  and  results  from  the 
initial  conditions  and  component  values  listed  in 
table  2. 

Regulator  Efficiency 

Values  of  efficiency  were  calculated  by  dividing 
the  regulator's  output  power  by  its  input  power.  The 
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product  of  measured  output  voltage  and  output  current 
produced  values  of  output  power  while  measurements 
of  input  voltage  and  current  resulted  in  values 
of  input  power.  Measurements  were  made  for  values 
of  input  voltage  ranging  from  18  V  to  28  V  and  for 
values  of  load  resistance  between  1.2  ohms  and  10  ohms 
Figure  60  represents  the  test  circuit  used.  Input 
and  output  voltages  were  measured  through  the  use 
of  a  Fluke  multimeter.  The  regulator's  output  current 
was  determined  from  a  voltage  measurement  made  across 
a  2.5  mohm  current  shunt  in  series  with  the  regulator’s 
load.  Unlike  the  above  parameters,  the  regulator's 
input  current  is  primarily  A.C.  As  a  result,  an 
averaging  of  the  input  current  had  to  be  made  before 
it  could  be  multiplied  by  the  input  voltage.  This 
was  achieved  by  integrating  the  input  current's  A.C. 
component  over  one  cycle  of  operation,  then  adding 
it  to  the  D.C.  component.  The  Lambda  Las-14U  voltage 
regulator  used  all  of  the  D.C.  current  supplied  by 
the  input.  The  input  current's  D.C.  component  was 
therefore  easily  measured  by  the  Simpson  260  volt- 
ohm-mi  lliameter  (fig.  60).  The  input  current's 
A.C.  waveform  was  displayed  through  the  use  of  a 
Tektronix  P6016  current  probe  and  then  integrated  by  a 
planimeter.  The  integral  was  then  divided  by  the 
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waveform's  period  to  yield  an  average  value  of  input 
current.  Figure  H-l,  appendix  H,  represents  such 
a  waveform.  An  example  of  the  efficiency  calculation  just 
discussed  is  presented  in  appendix  H.  Plots  of  the 
regulator's  efficiency  vs.  load  are  presented  in  figure 
61  for  three  values  of  input  voltage.  A  list 
of  the  measured  data  used  in  the  generation  of 
figure  61  appears  in  table  1-1 ,  appendix  I.  A  theoreti¬ 
cal  curve  can  also  be  calculated  and  compared  to  measured 
values. 

Figure  61 's  dashed  curve  represents  a  theoretical 
efficiency  curve  generated  from  component  measurements 
and  specifications.  In  an  attempt  to  demonstrate  the 
mechanism  by  which  the  curve  was  generated,  a  point  on 
the  curve  will  be  calculated  in  detail.  An  output 
voltage  of  12  V,  load  resistance  of  5  ohms,  and  duty 
cycle  of  67%  will  be  assumed  when  the  input  voltage 
equals  18  V.  Inductor  L's  series  resistance  will  be 
assumed  to  be  equal  to  its  measured  value  of  0.135 
ohms  and  capacitor  C's  series  resistance  will  be  set 
to  its  specified  value  of  0.05  ohms.  By  assuming  a 
forward  biased  surrent  of  12  V/5  ohms  or  2.4  A,  a 
worst-case  static  forward  resistance  can  be  calculated 
for  Diode,  D: 
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Efficiency  vs.  load  current 


roiode 


VFORWARO  _  1.4  V 

t -  “  }  T» 

rORWARP  * 


.58  ohms . 


Transistor  Qg'a  saturation  resistance  can  be  determined 

from  a  curve  which  specifies  vecgat  as  a  function  of 

I  . .  For  an  I  _  .  of  2.4  A,  V  ^  .  equals  0.85  V  R__. 
csat  csat  ecsat  sat 

results  as 


V 


_  ecsat  _  .85  V  _  ,r,  _w _ 

W  -  -  ttte  -  -35<  oh"s- 


When  the  resistive  effects  of  Rgat  and  RjjjqdE  are 
combined,  their  total  resistive  effect,  R^,  becomes 


RT  “  ,33*RDIODE*  +  ,67*Rsat*  *  *428  ohms* 

When  added  to  the  sum  of  inductor  L's  series  resis¬ 
tance  and  capacitor  C's  series  resistance,  an  equiva¬ 
lent  value  of  R  results, 
s 

R  =R_+R_+R  -.613  ohms, 

s  T  X  cap 

Substituting  into  equation  58  yields 

_  _  R  5  .. 

Eff  ■  rTr^  =  5^T3  ■  *89 

This  value  can  be  used  to  determine  the  input 
power  supplied. 


103 


32.35  watts 


(92) 


Pout  (12  V) (2.4  A) 
in  *  =  - Tff9 - 

This  value  of  input  power  requires  further  adjustment. 

It  must  be  refined  to  reflect  the  power  used  in  the 
LAS-14u  voltage  regulator,  pulse  width  modulator,  and 
current  amplifier,  and  in  the  charging  up  of  capacitor 
Cg.  The  current  used  by  the  pulse  width  modulator/ 
voltage  regulator  combination  was  measured  at  an 
input  of  18  V  and  found  to  be  42  mA.  The  power  used 
was  therefore  equal  to  (42  mA)  x  (18  V)  or  0.756  mW. 

The  power  lost  in  charging  capacitor  Cg  was  determined 
from  equation  91,  and  was  equal  to  0.9  W.  The  power  lost 
in  the  current  amplifier  was  approximately  equal  to 
the  product  of  the  input  voltage,  the  current  through 
Rc,  and  the  operating  duty  cycle.  Expressed  alge¬ 
braically, 

*c,-yVin'V  «  (0.67) , 

Yielding 

P  „  (0.67)  «  0.398  Watts 

ca  500 

By  adding  these  values  to  the  input  power  of  equation 
92,  an  adjusted  value  of  input  power  can  be 
generated  and  used  to  recalculate  the  regulator's 
theoretical  value  of  efficiency.  Solving  for 
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efficiency. 


Eff 


out 


p  i  n'f  P  c  ap+pmod/ req+p  c« 


Yielding 


Eff 


288 

34.404“ 


83.7%  . 


By  comparison,  the  theoretical  curve  agrees  very 
closely  with  its  empirical  counterpart.  The  theoreti¬ 
cal  algorithm  just  described  can  therefore  be 
assumed  to  be  a  good  approximation  of  regulator 
efficiency. 


Regulation 

The  regulator  was  designed  to  react  to  both 

changes  in  load  resistance  and  input  voltage. 

The  graphs  in  figure  62  show  changes  in  output 

voltage  against  input  voltage  for  three  values  of 

load  resistance.  A  10  V  change  in  input  voltage 

results  in  a  0.4  V  change  in  output  voltage.  A 

constant  voltage  line  regulation  of  0.04  V/V  can 

(23) 

therefore  be  said  to  exist.  A  change  of 

approximately  0.3  V  also  occurs  for  an  8.75  ohm 

change  in  load  resistance.  This  results  in  a  con- 

(23) 

stant  voltage  load  regulation  of  0.34  V/ohm. 
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Figure  62.  Output  voltage  vs.  input  voltage 


The  values  displayed  are  within  the  voltage  range 
specified.  Had  they  not  conformed  to  the  specifi¬ 
cation,  stage  one  (figure  47)  could  have  been  re¬ 
designed  with  a  higher  voltage  gain.  This  would 
have  increased  the  pulse  width  modulator's  sensi¬ 
tivity  to  changes  in  output  voltage  and  improved 
the  circuit's  overall  regulation. 


RECOMMENDATIONS 

In  an  attempt  to  improve  regulator  operation, 
the  following  recommendations  are  made: 

In  the  case  of  the  circuit's  power  switching 
transistor,  two  possible  avenues  of  improvement  stem 
from  its  characteristics.  The  transistor's  value 
of  V  is  a  prime  source  of  loss.  Its  decrease 

would  yield  a  definite  increase  in  regulator  effi¬ 
ciency.  The  transistor's  other  area  of  improvement 
lies  in  an  increase  in  its  ability  to  dissipate  power. 
Such  an  increase  would  eliminate  the  need  for  any 
lossy  surge  supression  circuitry.  A  decrease  in 
diode  D's  forward  voltage  drop  would  also  decrease 
loss  and  increase  efficiency. 

The  regulator's  feedback  circuitry  also  contributes 
greatly  to  loss.  Its  improvement  would  increase 
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efficiency,  especially  for  large  values  of  load  re¬ 
sistance. 

While  changes  which  improve  circuit  performance 
are  always  possible,  they  are  not  always  practical. 

In  the  case  of  inductor  L,  for  example,  a  decreased 
wire  gauge  would  decrease  series  resistance  but  only 
at  the  expense  of  increased  cost  and  weight. 

As  energy  problems  continue  to  increase,  and  the 
efficiency  of  the  series  switching  regulator  becomes 
more  attractive,  it  is  felt  that  the  demand  for  im¬ 
proved  semiconductors  and  feedback  circuitry  will 
eventually  result  in  regulator  efficiencies  of  over 
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APPENDIX  A 

12  -  VOLT  LOAD  CURRENT  REQUIREMENTS 


Table  A-l.  12  -  volt  load  current  reauirements. 


Equipment 
(  -  ) 

Voltage 

(volts) 

Current 
( amps ) 

Television 

12 

1.  33 

Refrigerator 

12 

3.  f>6 

Water  Pump 

12 

2.30 

Air  Pump 

12 

9.00 

Fluorescent  Lights 

12 

1.25 

Vacuum  Cleaner 

12 

10.00 

113 


PRECEDING  PAGE  NOT  FILMED 
BLANK 


i 


« ■  -S,  * , 

•  M  c 


APPENDIX  B 


FOURIER  SERIES  APPROXIMATION  OF 
THE  INPUT  TO  THE  REGULATOR  FILTER 
CIRCUIT  OF  FIGURE  30 


This  Appendix  approximates  the  input  waveform 
in  figure  30. 

In  general,  the  Fourier  approximation  of  a 
periodic  function,  F(t),  is  expressed  as 

F(t)  =  !°  +V'  (»„OTS  asi  .  Vin  ait} 

n=l 

where  L  =  1/2  period, 

2L, 


■  *  J 


ao  =  r  |f(t)  dt  , 


2L. 


1^  /f(t)  cos  rnrt  dt  n=l,2,3... 

ln  L  oJ  L 


and 


2Lf 

1  If 

5n  L  o J 


f(t)  sin  n~rr  t  dt  n=l,2,3. 
L 


Solving  for  aQ,  an,  and  bn  from  figure  30, 


Lr  2L 

24  dt  + 

L 


7 odt)  = 


=  24 


and 


rL 

cos  n~TT  t  dt  _  2£  sin  nir  ,  n=l,2,3, 

n~  L  Jo  L  nit 
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•  /  .'.v 


Resulting  in 


Resulting  in 


a  =0  for  all  values  of  n. 
n 


_i[ 
5n  l-Ad 


L  I L 

24  sin  n~TT  t  dt  _  -24  cos  n  tt  t 

L  n  tt  L  I  o 


Yielding 


-24 

b  =  — —  (cos(nTT)  -  cos  (o)  ) 
n  n  tt 


Therefore , 


b  =  ii  (1 
n  mr 


-  cos(nTT)) 


n= 1,2, 3,4. 


All  even  values  of  n  cause  b  to  go  to  zero. 

n 


Therefore, 

F(t)  =  12  + 


oo 


Eb  sin  nTTt  , 
■  “ 


n=l,3,*S. . . 


n=l 
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APPENDIX  C 


LAPLACE  TRANSFORM  SOLUTION 
OF  EQUATIONS  79  AND  80 


Equations  79  and  80  are  repeated  below  and  are 
solved  to  produce  an  expression  for  requlator  output 
voltage. 


Their  solution  begins  with  a  definition  of  V(s) 


V(s)  is  the  Laplace  transform  of  the  input  to  figure  30 


which  can  also  be  expressed  as 


From  equation  80, 


] 


Rewriting  VQ(t) , 

-1  oo 


-St,  x  -NTS 


[ST  V1-*  1  )e 

Vo(t)  =  [  /  .  StS-Sj^)  (s-s2) 


x  » 


APPENDIX  D 
TRANSIENT  SIMULATION 
FORTRAN  PROGRAM 
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APPENDIX  E 

ASTABI.E  MtTLTIVIBPvATOR  OPERATION 


This  Appendix  discusses  standard  astahle  multivi¬ 
brator  operation  and  investigates  modifications  which 

(25) 

result  in  its  operation  as  a  pulse  width  modulator. 

An  astahle  multivibrator  (figure  E-l)  operates  as 
follows : 

If,  at  t=P~,  is  assumed  to  be  off,  just  going 
on,  and  Q2  i-s  on  just  going  off,  the  following  initial 
conditions  result: 

vc2(0-)  -  -<vcc-vbe) 

-  Vbe* 

As  Q-^  goes  on,  Q2  goes  off,  and  stays  on  until 
equals  Vj^  •  Monitoring  the  voltage  across  C2, 


VC2  ^rcc'^"*Vcc”Vbe 


)))  (l-e"t/P'2C2) 


“ ^Vcc-Vbe^ 


Therefore , 

VC2  *  vcc  -<2v<=c-Vbe>  o't/E2C2  • 

If  Q2  turns  on  at  time  t=t^,  vC2^tl^=Vbe‘ 
into  equation  E-l, 

vbe-vcc  *  -<2vcc-vbe>  e'tl/R2C2 
Therefore , 

,  V  -V, 

e-tl/R2C2  =  -^c  be  • 

2V  -V. 
cc  be 


(E-l) 

Substituting 


(E-2) 
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Ik  'dUfr  -  < 

*7 


Solving  for  t 


I  V  -V, 

,  „  ,  I  cc  be 

fcl  R2C2  ln  2V  -V 

cc  be 

When  is  on,  just  going  off,  and  Q2  is  off,  just 
going  on,  the  initial  conditions  are 

VC2(tf>  *  vbe 

and 

-  -<vcc-vbe>- 


Since  Vcl(t2)  =  VK„, 


be  ‘ 


-t./R_C. 


Vci(t2)  =  vbe  =  (Vcc+(VCC-Vbe))  (1-e  I'^I) 

- <vcc-vbe>  • 

Solving  for  t2» 

(E-3) 


t2 - Rici  ln 


V  -V. 
cc  be 

2vcc“vbe 


One  cycle  of  operation  has  just  been  described  defining 
the  period  as 

T  "  ti  +  t2 

If  R^  =  R2  and  =  C2,  a  50%  duty  cycle  is  maintained 
unless  the  value  of  Vcc,  in  equation  E-2  differs  from 
that  of  Vcc  in  equation  E-3.  With  this  in  mind,  the 
modified  astable  multivibrator  of  figure  E-2  can  now 
be  analyzed. 

As  with  the  conventional  multivibrator  of  figure 
E-l,  will  be  assumed  to  be  off,  just  going  on. 
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Modified  astable  multivibrator 
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into  Equation  E-10, 


t2  =  "R1C 


and  solvinq  for  t2» 
,  f  vl~vbe  )  ■ 

1  lvl+v2-vbeJ 


(l 


Equations  E-7  and  E-ll  can  he  rewritten  as 


t1  =  KKj^  In 


and 


(v2-vbe>  1 

wz 


f  <V1-Vbe>  1 

1  KK2  j 


(F 


(F 


t2  ~  KK]_  In 

where  KK^  =  "Ricl  =  an^  =  ^l+v2~^be* 
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Table  E-l.  Component  value  of  figure  E-2 


Element 

Ql» 

r>i,  d2 
Rci*  *02 

Rl'  R2 


Value 

2N2222A 

1N486A  equivalent  (1N541) 
13K  ohms 
390K  ohms 
58  pf 

3  V  13  V 
13  V  3  V 


! 
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APPENDIX  F 

COMPARISON  BETWEEN  A  LOW- 

IMDITCTANCE  CAPACITOR  AND  A  CONVENTIONAT, 

CAPACITOR. 


APPENDIX  G 


INSTRUMENTATION 

(CURRENT  PROBE  CALIBRATION  AND  EQUIPMENT  LIST) 

This  appendix  deals  with  the  method  used  to 
properly  confirm  the  accurate  calibration  of  the 
Tektronix  P6P16  current  probe.  The  cirrviit  used  was 
that  of  figure  0-1.  It  was  used  in  the  following 
manner:  The  current  probe  was  placed  in  the  circuit 

as  shown.  Trinsistor  Q's  base  was  then  driven  with  a 
square  wave  of  30  kHz.  Transistor  0  reacted  by  oscillating 
between  saturation  and  cutoff.  Figure  G-2  represents 
the  current  waveform  seen  by  both  the  current  probe  and 
resistor  R4  during  oscillation.  Figure  0-3  represents 
the  voltage  waveform  seen  across  resistor  R4  with  a 
standard  voltage  probe.  By  dividing  the  maximum  voltage 
of  figure  0-3  by  the  bridge-measured  value  of  R4,  the 
current  values  obtained  from  both  fiqures  disagree  by 
7.6%.  A  detailed  description  of  this  calculation  follows 
The  voltage  obtained  from  figure  0-7  is  .  ?  V. 

Divided  by  a  value  of  R4=4.76  ohms,  it  yields  a  current 
of  1.937  A.  Comparing  this  result  to  a  value  of  l.fl  A 
obtained  from  figure  G-2,  a  difference  of  0.137  A  can  be 
seen  to  exist.  When  corny arrd  to  the  current  probe's 
reading,  an  error  of  7.6%  can  be  calculated.  This  is 

PHECEDIN*.  PB4*  NWT  FI1'**1*1 

BLANK 
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1 


Current  probe  waveform 
(vertical  =  0.4  A/Div) 
(horizontal  =  5  usec/Div) 


Figure  G-2 


Voltage  probe  waveform 
(vertical  =  2  V/Div) 
(horizontal  =  5  usec/Div) 


an  important  result  because  it  represents  the  adjustment 
which  must  be  made  to  the  average  input  currents  measured 
when  calculating  efficiency.  The  only  other  difference 
between  the  waveforms  is  that  the  current  waveform 
slightly  lags  the  votage  waveform  due  to  the  inductive 
influence  present  in  wirewound  resistor  . 
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Table  G-l.  Equipment  list 


1.  Trygon  DC  Power  Supply  -  Model  RS4P-10  40v,  10A 

2.  Deltron  Inc.  DC  Power  Supply  -  Model  RP30-1  40v, 

2.5A 

3.  Intercontinental  Instruments  Inc.  Pulse  Generator  - 
Model  PC- 3 2 

4.  Tektronix  -  Model  555  Dual  Beam  Oscilloscope 

5.  Tektronix  -  Model  434  Storage  Oscilloscope 

6.  Tektronix  -  Model  545B  Oscilloscope 

7  .  Hewlett  Packard  Oscilloscope  Camera  Model  196A 

8.  Tektronix  Oscilloscope  Camera  Model  C-30 

9.  Tektronix  Current  Probe  and  Termination  Model 
P6016 

10.  Weston  Electrical  Instrument  Corp.  20AMP  Shunt, 

50  mV  drop 

11.  John  Fluke  Impedance  Bridge  Model  710A 

12.  Simpson  Volt-Ohm-Millimater  Model  260 

13.  Fluke  Digital  Multimeer  Model  8000A 

14.  Radio  Frequency  Laboratories  Inc.  AC-DC  Instrument 
Calibration  Standard  -  Model  829D 

15.  Bruning  OTT  Compensating  Polar  Plainimeter  -  Type  16 

16.  Biomation  Transient  Recorder  Model  610B 
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APPENDIX  H 


EFFICIENCY  CAI-CNI.ATION  FVAMPI.E 


This  appendix  demonstrates  the  method  used  in 
determining  regulator  efficiency.  Figure  H-l  repre¬ 
sents  the  A.C.  component  of  the  input's  current  waveform. 

By  integrating  the  waveform  with  a  planimeter,  a  value 
2 

of  8.96  cm  can  be  obtained  for  the  area  under  the 
curve.  An  average  height  in  centimeters  can  then  be  ob¬ 
tained  by  dividing  the  area  by  the  waveforms’s  period. 

The  period  is  measured  to  be  5.91  cm,  and  produces  an 
average  height  of  1.490  cm.  This  value  is  then  in¬ 
creased  by  the  7.6%  current  probe  adjustment  described 
in  appendix  G.  A  value  of  1.6  cm  results.  Since  one 
division  on  the  photograph  is  equal  to  0.889  cm,  an 
average  current  can  be  calculated  as 


I 


avg 


1.6 


cm  X 


1  DIV  y 
0 . 889cm 


1  A 
1  DIV 


1.81  A. 


The  input  current  is  then  calculated  by  adding  this 
value  to  the  measured  DC  current  presented  in 
appendix  I.  A  sum  of  1.852  is  then  multiplied  by 
an  input  voltage  of  18.6  V  to  generate  an  input  power 
of  34.45  watts.  The  efficiency  can  then  be  calculated 
by  dividing  the  input  power  into  the  product  of  output 
current  and  output  voltage.  Table  1-1  of  appendix  I 


147 


PRECEDING  PAGE  NOT  FILMED 
BLANK 


lists  these  values  as  2.4B  A  and  12  V.  This  yields 


peak  efficiency  result  of, 


APPENDIX  I 


MEASURED  DATA  USED  IN  EFFICIENCY  AND 
RIPPLE  FACTOR  CALCULATIONS 


Table  1-1.  Measured  data 


vi<,ut""V) 

W 

(A) 

Vout 

(V) 

Vin'v> 

'in'*' 

R(-rt) 

Eff (%) 

23.7 

9.48 

11.7 

18.1 

17.917 

1.25 

77.0 

18.0 

7.20 

11.8 

18.4 

5.83 

1.60 

78.6 

12.1 

4.84 

11.9 

18.5 

3.83 

2.50 

80.4 

6.2 

2.48 

12.0 

18.6 

1.81 

5.00 

06.4 

4.2 

1.70 

11.9 

18.1 

1.33 

7.50 

81.3 

3.1 

1.24 

12.0 

18.6 

1.01 

10.00 

75.9 

24.6 

9.84 

12.0 

25.2 

6.74 

1.25 

69.0 

17.8 

7.12 

12.1 

25.3 

4.70 

1.60 

71.7 

12.5 

5.00 

12.2 

25.4 

2.87 

2.50 

82.3 

6.3 

2.52 

12.3 

25.4 

1.52 

5.00 

77.8 

4.2 

1.68 

12.3 

25.0 

1.108 

7.50 

71.2 

3.2 

1.28 

12.4 

25.5 

0.898 

10.00 

65.7 

24.8 

9.92 

12.1 

27.7 

6.15 

1.25 

69.9 

18.5 

7.4 

12.2 

27.8 

4.34 

1.60 

73.9 

12.5 

5.0 

12.2 

27.9 

2.74 

2.50 

78.  3 

6.3 

2.52 

12.3 

27.9 

1.45 

5.00 

74.0 

4.3 

1.72 

12.3 

28.0 

1.054 

7.50 

68.3 

3.2 

1.28 

12.4 

28.0 

0.816 

10.00 

65.3 

Miscellaneous 

iin(no 

0 

Vin  " 

IRv 

=  42 

mA 

L  = 

.  3  mH 

0 

Vin  = 

25v 

=  50 

mA 

*1  * 

.135  ohms 

0 

Vin  = 

28v 

=  52 

mA 

*4  = 

4.75  ohms 

I 

out 

.4 

*  Viout 

Of* 
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Table  1-2.  Measured  output  data 


:  (ohms) 

V  (mV) 

rms 

Vdc(V) 

RIPPI.E  Factor 

1.0 

8.4 

12.3 

0.068 

7.5 

8.1 

12.2 

0.066 

5.0 

C.l 

12.2 

0.066 

2.5 

7.7 

12.1 

0.064 

1.6 

7.3 

12.0 

0.061 

1.25 

7.0 

12.0 

0.038 
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